High electric fields in particle accelerators cause vacuum breakdowns in the accelerating structures. The breakdowns are thought to be initiated by the modification of material surface geometry under high electric fields. These modifications in the shape of surface protrusions enhance the electric field locally due to the increased surface curvature. Using molecular dynamics, we simulate the behaviour of Cu containing a near-surface Fe precipitate under a high electric field. We find that the presence of a precipitate under the surface can cause the nucleation of dislocations in the material, leading to the appearance of atomic steps on the surface. Steps resulting from several precipitates in close proximity can also form protruding plateaus. Under very high external fields, in some cases, we observed the formation of voids above or below the precipitate, providing additional dislocation nucleation sites.
Introduction
Vacuum breakdowns have been the focus of considerable interest due to the damage they can cause to structures exposed to high electric fields [1] . The conditions for vacuum breakdowns occur in several applications such as particle accelerators [2, 3] and fusion reactors [4] .
The Compact Linear Collider (CLIC) is a new accelerator design, proposed at CERN to perform electron-positron beam collisions at energies from 0.5 to 5 TeV with optimal performance at 3 TeV [5] . To achieve these energies, very high accelerating gradients over 100 MV m −1 are needed [6] . Repeated breakdowns near the surface of the accelerating structures become a key problem under these conditions [7] . It was found that the optimal operational conditions, such as the optimal energy consumption and the frequency of replacements of expensive parts, can be achieved if the breakdown rate is kept at a low value, less than 3 × 10 −7 1/pulse/m [8] . The applied electric field causes surface atoms to become charged and affects them with the Lorentz force, resulting in tensile stress in the material [9] . The generated stresses usually fall below the yield strength of the structural materials, unless the electric field is very high. Experiments show that electric fields of the order of hundreds of MV m −1 cause vacuum breakdowns near a copper surface held in an ultrahigh vacuum [10] , although these fields are well below the critical fields for field-assisted atom evaporation [11] . The measurements of electron emission currents in the experiments at electric fields designed for accelerator operation can be fairly well fit to the Fowler-Nordheim equation [12] or its modifications [13] [14] [15] , assuming a strong local field enhancement β. In copper, β is usually in the range of 30 to 140 [10] , but never below 20 [16] . The enhanced fields lead to significant stress on the surface, which may result in plastic deformations underneath the surface, especially in the presence of extended defects. These, in turn, may yield surface protrusions, the candidates for breakdown sites.
Currently, the field enhancement factor is explained by the existence of a needle-like field emitting tips on the electrode surface, which may locally enhance the applied electric field. However, the existence of these tips is hypothetical, as they have never been observed experimentally and the exact mechanism producing these field emitting tips is not known [10] .
The behaviour of long, thin field emitters was investigated by means of molecular dynamics (MD) simulations [17] . It was seen that Joule heating due to the electron current in the tip can change the shape, dramatically reducing its stability. A kinetic Monte Carlo study of Cu surface evolution [18] showed that nanoclusters (>10 nm in diameter) placed on a flat surface eventually flatten due to surface relaxation effects. These facts may explain the absence of direct experimental observations of sharp tips.
Previously, different attempts were made to develop a theoretical model which can explain the onset of the vacuum breakdown phenomenon [19] . Insepov et al investigated possible mechanisms leading to a breakdown event using MD [20, 21] . In [20] , the evaporation of large atomic clusters from a pre-existing protrusion was shown. In [22] , heating of a microprotrusion, caused by Joule heating and the Nottingham effect, was studied. In other works, the influence of microscale molten particles in a high gradient system was investigated [23] . The finite element method was applied in [24, 25] to investigate the field enhancement arising at the edges of the microcracks that can appear due to fatigue in the material under repeated loading. In all of these works, however, surface defects were already assumed to exist.
The average minimum electric field which causes vacuum breakdown was found to have a clear dependence on the material used as a cathode [10] . The correlation of this dependence with the crystal structure of the investigated materials is striking. Ranking the materials by their ability to withstand electric fields from lowest to highest values corresponds to the change of crystal structures from face-centred cubic (fcc) to hexagonal closed packed (hcp). This observation motivates the investigation of the elastoplastic response of materials on applied electric fields [26] .
It was shown that in the presence of a sub-surface void, the tensile stress, which is exerted at the surface by the applied electric field, may cause mass transport of the material above the void, forming a protrusion on the surface [27] . It was also shown that the evolution of the Figure 1 . Cross section of the Cu cell with an Fe precipitate, which is described in the text by the depth (h) to radius (r) ratio. The three lowest layers are fixed and force is applied to the atoms initially in the top two layers. The top surface is exposed to vacuum and the surfaces in the x and y directions are periodic.
surface geometry under a strong external electric field leads to a positive feedback mechanism and catastrophic tip growth [28] .
In this work, using MD simulations, we aim to investigate the effect of the presence of a different type of extended lattice defect-a precipitate-on surface roughening under an external electric field, since precipitates can also lead to dislocation nucleation, resulting in stable plastic deformation under external stress [29] . While voids can be interpreted as regions with different mechanical properties, precipitates are also regions with different properties, but contrary to the voids they have their own mechanical response which may interact with the mechanical properties of the matrix when an external stress is applied. We investigate the plastic deformations in a single crystal Cu under tensile stress in the presence of a near-surface defect by replacing a void with a precipitate that is mechanically stronger than Cu.
Methods

Simulation setup
Classical MD simulations were performed with the open source LAMMPS code [30] . For the interactions between the atoms, the Bonny et al many-body embedded atom method (EAM) potential [31] was used. Results were visualized with the OVITO software [32] . Figure 1 illustrates the geometry of the simulated system. The simulation cell dimensions were 16.7 × 16.7 × 19.9 nm. The [1 1 0] crystal direction was chosen to coincide with the z direction, as that is the direction of slip in fcc crystals [33] . The x and y directions were set to the [0 0 1] and [11 0] crystal directions, respectively. The x and y boundaries were periodic. The spherical Fe precipitate was located in the centre of the simulation cell in the lateral directions. We selected Fe as an example of a strong precipitate. The relevant experimental elastic constants for Fe are c 11 = 226 GPa and c 44 = 116 GPa, in comparison to the elastic constants of Cu c 11 = 168.3 GPa and c 44 = 75.7 GPa [34] . The position along the z-axis varied for different simulations to analyse the effect of the depth-to-radius ratios of precipitates (h/r, where h and r, as in figure 1 , are the depth of the precipitate measured from the surface of the material to the top of the precipitate and the radius, respectively). A precipitate with a radius of 2.2 nm was simulated at two different depths: h = 5.6 nm (h/r = 2.5), in the following referred to as a 'shallow' precipitate, and h = 9.8 nm (h/r = 4.5), referred to as a 'deep' precipitate.
The Fe precipitate was inserted into the Cu matrix as a body-centred cubic (bcc) nanocrystal. The initial relaxation period of 20 ps relaxed the precipitate, creating a transition region between the bcc Fe core and the fcc Cu environment. The transition region of one to two atom layers extended into the precipitate, while the core remained bcc. Limited faceting of the precipitate was observed after relaxation. Longer relaxation times (up to 100 ps) did not cause significant changes in the structure of the precipitate compared to the configuration obtained after 20 ps. It was shown previously [35] that small Cu inclusions in Fe experience the phase transition into bcc, but no experimental evidence of phase transitions of Fe precipitates in Cu is available. Our test simulations showed that an Fe precipitate inserted as fcc was not stable and after relaxation turned into a multi-grained polycrystalline bcc inclusion. The spherical shape of the precipitate in the current work was chosen for simplicity.
The positions of the atoms in the three lowest layers were fixed throughout the whole simulation. The upper boundary was exposed to vacuum and force was applied to the atoms that were located in the upper two layers at the start of the simulation. The simulation was stopped when atoms started leaving the surface due to evaporation. The approximation of constant force on the surface atoms is valid as long as the surface deformation is insignificant.
The MD time step was 1 fs. The system was first relaxed for 20 ps to achieve thermodynamic equilibrium in the NpT isothermal-isobaric ensemble. Afterwards, a force was applied to the surface atoms, imitating an electrostatic force exerted at the conducting surface by an electric field. The expression for the force on the surface in the case of a uniaxial field normal to the surface is [27] 
where E is the electric field, A is the surface area, n is the surface normal and ε 0 is the vacuum permittivity. The total force acting on the surface was divided evenly among the atoms in the surface layers. The force was applied in the direction perpendicular to the surface to provide the desired uniaxial tensile stress. This approximation is appropriate since the surface remains relatively flat throughout the simulations. For the main simulations, the stress was linearly ramped with the constant ramping rate 45.8 MPa ps −1 over 200 ps until the structure yielded at the maximal value 9.16 GPa (corresponding to the electric field strength 32.2 GV m −1 ). For the duration of the ramping, the ensemble was switched to the NVT canonical ensemble.
The temperature throughout all simulations was 600 K. The initial velocities of the atoms were generated pseudo-randomly to comply with the temperature, changing the seed number for every new simulation to mimic the stochastic nature of the process. For both cases of 'shallow' and 'deep' precipitates, 80 simulations were conducted.
The homogeneous dislocation nucleation stress for Cu when loaded in the [1 1 0] direction is 4.23 GPa [36] . At stresses lower than this, dislocation nucleation becomes a stochastic process. Unfortunately, the probability of such a process is rather difficult to estimate in MD simulations, which are severely limited by the timescales they can cover. Nucleation of dislocations is a complicated process that depends on many factors like temperature [37, 38] , crystal orientation [36] and strain rate [39] . Schuh et al [37] investigated these dependences experimentally and provided quantitative data for probabilistic nucleation of dislocations. They showed that the probability of nucleation increases with temperature, and thus thermal fluctuations within the Cu sample play a significant role in the nucleation process. Their experimental investigation of the dependence on strain rate along with the simulations by Zhu et al [39] showed that the increase of strain rates increases the stress necessary for dislocation nucleation. This means that the nucleation stress at strain rates typical in simulations is up to two times greater than at experimental strain rates depending on temperature [39] .
We conducted additional simulations at lower stresses of 3.88 and 3.64 GPa to confirm the possibility of dislocation nucleation around the precipitate. The stress was ramped with the same rate as the main simulations to the target value, after which it was held constant for 1 ns. We simulated the system with each noted target stress 20 times and counted the observed nucleation dislocation instances. With 3.88 GPa maximum stress, dislocations appeared in 16 of 20 simulations. The dislocations nucleated at various times, from the ramping period to 0.9 ns after the maximum stress was reached. With 3.64 GPa maximum stress, 7 of the 20 simulations had dislocations.
From this data, we can conclude that dislocations nucleate at lower stresses, albeit with a probability that decreases as the stress is decreased. In this work, we investigated the processes that can happen in copper in the presence of precipitates and the mechanisms that may lead to modification of the material surface which contains the precipitates and is held under high electric field. Real materials have dislocations already present, and their interaction with precipitates could proceed similarly to our simulation. Moreover, the dislocations may appear at the interface of precipitates due to the interaction of precipitates with strain fields of other extended defects forming and existing in the extreme operational conditions of accelerating structures.
Many of the simulation parameters were chosen to coincide with the work of Pohjonen et al [27] to compare our results to the case with a near-surface void. Specifically, the dimensions of the system, the crystallographic orientation of the free surface, the relaxation time and the ramping rate of stress were the same as in [27] .
Identification of newly formed voids
To identify newly formed voids during the simulation, we have developed a method which calculates the volume of the voids with the help of Voronoi cells. The algorithm proposed by Dupuy and Rudd [40] can be used to identify surfaces in MD simulations, however, it fails to detect new surfaces that appear during the simulation.
The algorithm used in the present work for calculating the void volume is as follows (the C++ code is available as supplementary material). The interface between the Fe precipitate and Cu constitutes the main region of interest. A cubic observation box with a side length of 12.8 nm was defined around this region, as depicted by the dashed line in figure 1. This length is approximately three times the radius of the precipitate. The resulting volume of the box is sufficiently large to contain all phenomena of interest and sufficiently small to exclude the material surface from the analysis.
To calculate the volume of the appearing voids, the total volume of the atoms in the observation box is compared to the volume of the box itself. The atomic volumes are defined with the help of Voronoi cells, generated using the Voro++ code [41] . During the Voronoi tessellation, we limit the maximum possible Voronoi volume of each cell to a value V v,max to ensure that the void region would not be covered by any cells. To define the numerical value of V v,max , we consider two extreme cases. The first case is a 'bulk' atom with all neighbours present. Its average Voronoi volume is calculated by dividing the total volume of all Voronoi cells in a void free lattice by the number of atoms, yielding V v,ave = 0.0118 nm 3 . The second case is a hypothetical 'free' atom (with no neighbours) with the Voronoi cell volume V v,max = 0.075 nm 3 . The value of V v,max is defined to be large enough to cover vacancies appearing in the material and the amorphous regions around the Cu-Fe interface. The Voronoi volume of actual surface atoms falls between these two limiting values.
Voronoi cells adjacent to the observation box boundaries are cut by the planes of the box so as not to extend outside the region. If the observation box contains voids, the total volume of the Voronoi cells surrounding the atoms will be smaller than the volume of the box. Some atoms will have left the box due to mass transport towards the free surface as the material undergoes elastic and plastic deformation. The average atomic volume for bulk atoms around the void can also decrease as the formation of a void relaxes the stress in the system.
As the lattice constant of Fe is smaller than that of Cu, and V v,max for Voronoi cell construction is taken to be independent of the atom type in the strained system, the presence of Fe atoms in the observation box does not significantly affect the calculation. The Fe precipitate deformation during the simulations is minimal with its atoms remaining close together. Thus the Voronoi cells surrounding the Fe atoms will act similarly to bulk atoms. V v,max is selected from the relaxed configuration of the species with the larger lattice constant, ensuring that increasing average interatomic distance due to elastic deformation does not contribute to the volume calculation. The atoms surrounding the Cu-Fe interface do not affect the calculation, as V v,max is large enough to cover the amorphous area between them.
The volume of voids present in the observation box is calculated in the following way:
where V box is the total volume of the observation box (12.8 3 nm 3 ) and V i is the volume of the ith Voronoi cell. Since the size of a Voronoi cell is limited to the maximum Voronoi volume V v,max , the sum of the Voronoi cell volumes will be smaller than the volume of the box if any voids are present. The volume of the voids was calculated every picosecond in all simulations.
The present algorithm tends to underestimate the volume of the voids as the atoms adjacent to the void surface have larger Voronoi volumes than those in the bulk of the material. We estimate this error for each surface atom as the difference between its Voronoi volume and the average Voronoi volume for bulk atoms in a relaxed system, V v,ave . This difference is taken into account by detecting the atoms that constitute the surface of the void with the help of coordination analysis. The coordination number for all atoms is calculated with a cutoff distance of 0.42 nm. All atoms with a coordination number of 15 or less are taken to be surface atoms. The atomic volume of those atoms is reduced to the average atomic volume of the system at that time. This results in the approximate doubling of the void volume compared to uncorrected results. To validate this correction, a different correction method was also investigated. The relative error in volume calculation was studied by creating a spherical void of known volume into a relaxed system and calculating the volume with the described uncorrected algorithm. The relative error depends on the surface to volume ratio of the void and decreases as the volume of the void is increased. The voids formed in the simulations were rather small, and hence the relative error was estimated to be ∼100% (the correction factor depends on the volume). The final corrected volume is similar using both correction methods. Results are presented using the first coordination analysis correction.
Stress calculation
To calculate the local stress distribution in the system at specific points during the simulations, we utilized the following method. A snapshot of the system was taken during external force ramping before the event of interest occurred. The ramping of the external force was stopped and it was held constant to calculate stress at the conditions leading up to the event. The system was held at constant external force for 20 ps, followed by time averaging the per atom virial [42] for another 20 ps. The time averaging is necessary to remove the noise due to thermal fluctuations of the atoms. The resulting time averaged virial for each atom was then divided by the Voronoi volume of that atom to obtain the per atom stress. The Voronoi volume calculation in this case is simpler than that described earlier for void detection, as no voids were present in any of the stress calculations. An ordinary Voronoi tessellation was used without any special constraints.
In the chosen orientation of the simulated system, the two slip planes of interest contain the y-axis, with the plane normal at an angle to the x and z directions. In this special case, to get the final resolved shear stress acting on the slip planes, the components of the stress tensor were transformed by a rotation around the y-axis to make the transformed z -axis correspond to the slip plane normal. The transformed coordinates are shown in figure 2 . The transformation results in the σ x z component of the stress tensor to correspond to the stress acting on the slip plane in the slip direction.
Results and discussion
Dislocation-mediated formation of surface steps
The influence of a high external electric field on the simulated material is demonstrated in figure 2 , where the formation of stacking faults around the precipitate is shown. Stacking faults form when a layer of atoms moves away from its perfect lattice position [33] . The figure displays the cross-sections of central parts of two different simulation cells with deep precipitates (h/r = 4.5). In the upper figures 2(a) and (c), the Fe precipitate is shown in black and the Cu atoms are coloured according to the centrosymmetry parameter [43] . The colouring in the lower figures 2(b) and (d) represents the resolved shear stress acting on one of the slip planes of the system. The transformed σ x z component of the stress tensor is plotted, with the axes rotated as shown in the axis diagram.
The centrosymmetry parameter characterizes the adherence of an atom's neighbourhood to a perfect lattice. When normalized by the square of the lattice constant, centrosymmetry is 0 for a perfect lattice, around 0.3 for point defects or stacking faults and over 1 for surface atoms [44] . Centrosymmetry analysis is not conducted for the Fe atoms as the stresses present in the simulation are not sufficiently large to cause any significant change in the Fe lattice.
The external tensile stresses exerted on the surface due to the electric field are 6.18 GPa (E = 26.4 GV m −1 ) and 6.92 GPa (E = 28.0 GV m −1 ) in figures 2(a) and (c), respectively. The majority of Cu atoms form a perfect lattice with a near-zero centrosymmetry parameter, displaying only occasional thermal fluctuations. The atoms at the Cu-Fe interface display centrosymmetry values characteristic of stacking faults as the lattice mismatch between the fcc Cu and bcc Fe causes them to adapt to the surface stresses and form a transitional region between the two lattice types.
Under the effects of the external stress, dislocations form around the precipitate. The dislocations are leading Shockley partials with a Burger's vector 1 6 1 1 2 , corresponding to a half-slip. Expansion of dislocations of this type can be seen in figures 2(a) and (c) by the stacking faults which they encircle. A stacking fault is seen in the figures as a line resulting from the intersection of the stacking fault with the plane of the figure. In figure 2 (a) the leading partial dislocation forming at the top of the precipitate expands towards the material surface due to the resolved shear stress acting on it. The other leading partial dislocation that forms below the precipitate also expands under the effects of the resolved shear stress. As the stress direction is the same for both mentioned dislocations and their directions of motion are opposite, we can conclude that the dislocation that forms below the precipitate has an opposite line sense compared to that of the upper dislocation. In the same figure we show the nucleation of a partial dislocation under the precipitate (marked by the arrow in figure 2(a) ), which expands on a different (vertical) slip plane due to the elastic attraction between dislocations. When this dislocation intersects the dislocation earlier nucleated also under the precipitate, but on a different {1 1 1} plane, they become locked and form a stacking fault tetrahedron.
Due to the randomness inherent in the system, a simulation with identical initial conditions but a different random seed results in a different configuration of dislocations around the precipitate, as shown in figure 2(c) . Two stacking fault tetrahedra have formed below the precipitate by a mechanism similar to that in figure 2(a) when dislocations intersected and became locked. Above the precipitate, a dislocation nucleates in the region of high stress, depicted in figure 2(d) . The expansion of the dislocation proceeds similarly to the ones described earlier. Eventually the dislocations become pinned at the bottom of the box, as the atoms are fixed in place due to the boundary conditions.
As can be seen in figures 2(b) and (d), the precipitate concentrates stress around it. The stress in figure 2(b) is calculated before either of the stacking faults in figure 2 (a) appears in the simulation. In figure 2(d) , the two stacking fault tetrahedra seen in figure 2(c) have already formed, but the stacking fault above the precipitate is still missing. The resolved shear stress shown in figures 2(b) and (d) acts on one of the slip planes of Cu, causing the motion of dislocations. The stacking fault below the precipitate in figure 2(a) and that above the precipitate in figure 2(c) move on this slip plane. The stress distribution is noisy at the precipitate perimeter, but extended regions of higher stress can clearly be seen in both figures where the corresponding stacking faults eventually form.
When the dislocation reaches the material surface, a partial step is created, as seen in figure 3 . Figures 3(a) and (b) show the top view and the middle cross section, respectively, of a simulation cell with the deep precipitate under the tensile stress 6.41 GPa. figure 3(d) , the dislocation, which formed above the precipitate, has propagated to the surface, and created a step. Another dislocation formed below the precipitate on a different slip plane, and also propagated toward the surface. Due to the periodic boundary conditions in the lateral directions the dislocation wraps around the simulation box and intersects with the stacking fault formed by the first dislocation. A shift in the stacking fault can be seen where the dislocation has passed through it. As the second dislocation reaches the surface, it also forms a step, which in combination with the first step results in a plateau of atoms positioned higher than the original surface level. We observed the described intersection of dislocations because of the use of periodic boundaries. However, it can be interpreted in terms of two close precipitates (the one in the simulation cell and the image precipitate due to the periodic boundaries) and in reality, a similar situation can be realized when there are several precipitates or other imperfections in close proximity, providing sites for dislocation nucleation. Dislocations originating from two close precipitates in different slip planes could form a plateau similarly to the one we observed in our simulations.
The plateau represents a modification of surface geometry, which leads to enhancement of the electric field. Due to the low aspect ratio of the plateau, this enhancement is not significant in the context of our simulations. The further growth of this nucleus can be followed by using, for example, the technique suggested in [9] , which has been successfully applied for the case of a near-surface void [45] . It can be seen that arrays of precipitates close to the material surface can facilitate protrusion formation similarly to the case of voids, as in [27] . Field enhancement due to the surface morphology changes has been shown to provide a positive feedback on the growth of surface protrusions [19] . An enhanced electric field results in the increase of the force experienced by surface atoms, leading to more dislocations being nucleated and a greater curvature of surface features. The greater curvature in turn increases the local field enhancement.
Stacking fault-surface interaction
When a leading partial dislocation reaches the surface, we observe the splitting of the stacking fault, as illustrated in figure 4 . Here, common neighbour analysis helps to distinguish the atoms by colouring them according to their local lattice type. The fcc and hcp lattices differ by the positions of the atoms in adjacent layers, leading to different stacking sequences: . . . ABCABC . . . for fcc and . . . ABABAB . . . for hcp (equivalent to . . . BCBCBC . . . or . . . ACACAC . . . ) [33] . Thus, the atoms for which the adjacent layers have different atom positions are marked as fcc, and ones where the adjacent layers have the same atom positions are marked as hcp. In figure 4 , the A, B and C layers are shown for all cases (layers are labelled according to the positions that the atoms in those layers occupy). Figure 4(a) shows the initial configuration with the layers arranged in the fcc stacking sequence. In figure 4(b) , the leading partial dislocation passes, displacing the atoms originally located in the A layer into the B layer [1 01]. The latter expression represents two perfect dislocations, which leave behind a plastically deformed perfect crystal. The two layers of hcp atoms, which are separated by several layers of fcc atoms can be viewed as twinning faults, where the crystal orientation changes and the layer sequence is mirrored [33] . The material above the twinning faults experiences slip equivalent to the passage of two perfect dislocations. The stacking fault which has split into the two twinning faults represents the transition between the slipped and unslipped regions, with a twinned region in-between. The amount of slip in the twinned region varies linearly from 0 at the lower twinning fault to that equivalent to the passage of three partial dislocations at the upper twinning fault. Each layer in the twinned region is formed as a result of one partial dislocation. More dislocations can be nucleated in layers adjacent to the twin boundaries, leading to further slip of the upper part of material and the widening of the twinned region between the twinning faults.
A single dislocation originating from the precipitate can nucleate additional dislocations upon reaching the surface. These new dislocations also generate steps on the surface, as seen in figures 4(b) and (c). Through this process one surface step becomes a series of steps, increasing the change in local surface geometry. When combined with the action of several sub-surface precipitates and the formation of a plateau, the stacking fault splitting could lead to an increase in the protrusion height. This will tend to sharpen the protrusion, which will result in further enhancement of the electric field. Figure 5 shows the formation of voids as the stress on the system due to the electric field is increased. The plot in the figure is an example of a simulation where a void formation event was observed. The volume of voids is plotted against the stress applied to the system. The x-axis can also be taken to represent the progression of the simulation in time, as the stress is increased linearly with the time step. Void volume is calculated with the Voronoi cell method described above. At the external stresses shown in the figure, the stacking faults and the associated surface steps have already formed. Those processes are described in the previous section and shown in figures 2 and 3.
Void formation
The void formation happens at stresses much larger than those required for dislocation nucleation. The voids start to form when the applied stress reaches 7.10 GPa (E = 28.3 GV m −1 ), as seen in the graph in figure 5 . Void formation begins at the interface region between Cu and Fe. The bond strength between two different types of atoms is weaker than the mono-elemental bond, either Fe-Fe or Cu-Cu, resulting in the separation of Cu atoms from the precipitate. As the stress increases, the void grows in volume. The formation of the void tends to reduce the local stress in the region. The stacking fault under the precipitate, which is only visible in the snapshot in figure 5(a) , disappears in subsequent snapshots as a trailing partial dislocation completes the slip. The void formation is unaffected by the resulting plastic deformation because the regions are far apart. A similar plastic deformation happens in the upper left corner while moving from the image in figure 5(b) to the image in figure 5(c) . In figure 5(d) , a new leading partial dislocation is nucleated on the vertical slip plane, due to the presence of the void. The new leading partial dislocation expands towards the surface and creates a step. The leading partial is soon followed by a trailing partial, eliminating the stacking fault and completing the plastic deformation above the void. The volume of the void gradually increased until the simulation was stopped when surface atoms started evaporating. Figure 6 shows that voids can form both above and below the precipitate. The images given in figure 6 correspond to two different simulations of the shallow precipitates (h/r = 2.5). Figure 6 (a) shows a void developing above the precipitate where a stacking fault interacts with it. Figure 6 (c) shows a different simulation displaying void formation below the precipitate with the same geometry. The snapshots in figures 6(a) and (c) represent the final frames of the simulations, as extensive surface atom evaporation begins after this point and the approximation of constant force across the surface no longer applies. Random variations due to different initial random seeds result in a different configuration of stacking faults and a different stress distribution around the precipitate at the moment of void formation. The snapshots in figures 6(b) and (d) show the stress distribution in the system before the formation of voids in figures 6(a) and (c), respectively. The σ zz component of the untransformed stress tensor is plotted in these figures. This component is concentrated in the regions where stacking faults intersect with the precipitate, and also above and below the precipitate. These regions exhibit void formation. The distributions of other components of the stress tensor (not pictured) do not correlate with the location of voids.
Eighty simulations with a shallow precipitate were performed. Eleven of them exhibited void formation before material failure, with behaviour similar to what can be seen in figure 5 . Eight out of 80 simulations formed voids in case of the deep precipitate. As voids have been shown to cause protrusions on the surface of the material [28] , the presence of precipitates can be an indirect cause of surface geometry change. Under high external stresses, mechanically strong precipitates enable the formation of voids around them which can in turn lead to a protrusion being generated. The voids also provide additional sites where dislocations can be nucleated. These dislocations expand towards the surface and create steps. This effect of voids is independent of the void location and can work also for voids below the precipitate.
Conclusions
In this work we performed MD simulations of single crystal Cu which contained a Fe precipitate under high external tensile stresses caused by an electric field. The simulations show that precipitates, which are stronger than Cu, could provide an indirect mechanism for surface geometry change and electric field enhancement. Under external stress caused by the electric field, dislocations nucleate at the Cu-Fe interface. When the dislocations reach the material surface, they create steps increasing the surface curvature and hence enhance locally the electric field. With multiple precipitates in close proximity, dislocations nucleated on different slip planes can reach the surface near each other. The resulting configuration of steps creates a plateau on the surface.
The region around the surface step provides an additional site for dislocation nucleation. Further slip can occur in the adjacent layers and create a series of steps. This mechanism increases the extent of surface geometry change. When combined with the formation of a plateau it could lead to the creation of a protrusion.
When the stress is increased, voids can form in the regions of high stress immediately above or below the precipitate as Cu separates from the stronger precipitate. Void formation is a random but not uncommon event. The voids offer additional sites for dislocation nucleation. Voids have also been previously shown to lead to a catastrophic protrusion growth on the surface [28] . They can appear in a material containing precipitates as a result of the application of a strong external electric field and introduce their own mechanism of surface protrusion formation.
